Background. Predicting cardiovascular events remains challenging despite the range of known biomarkers. Aim. To establish relationships between various biochemical and functional parameters of the cardiovascular system. Method. The relationship between cardiovascular dys/function and various biomarkers was examined in 145 experimental rats half of which received isoprenaline 100 mg/kg s.c. to induce cardiac impairment. Results. Serum concentration of cardiac troponin T (cTnT), a known marker of cardiac derangement, correlated strongly with degree of myocardial injury (e.g. calcium overload, stroke volume) but correlations between cTnT and oxidative stress parameters were weak (for glutathione and vitamin C) or not found (for serum vitamin E and plasma thiobarbituric acid reactive substances levels). Relationships between cTnT and other parameters were exponential with the exception of myocardial calcium, where a power function was found. Conclusions. Commonly used biomarkers of oxidative stress cannot reliably predict cardiovascular dys/function in experimental rats.
INTRODUCTION
Cardiovascular diseases are a leading cause of mortality and morbidity worldwide, accounting for around 17 million of deaths each year. Although recent trends in health care have slightly reduced fatal cardiovascular events, the incidence cardiovascular disorders is not decreasing. Moreover, the high prevalence of these diseases is no longer the prerogative of developed nations. Risk factors for cardiovascular diseases are well known, but predicting a cardiovascular event remains challenging, despite the number of known biochemical markers [1] [2] [3] [4] . Involvement of oxidative stress in some cardiovascular diseases is clearly suggested in most studies, although the relationship of oxidative stress markers and cardiovascular mortality is equivocal and clinical use of antioxidants is inconclusive 5, 6 . Coronary heart disease accounts for more than 40% of cardiovascular deaths and its most serious form, acute myocardial infarction (AMI), is the principal cause of chronic heart failure 1 . Elevated catecholamines are known risk factors for a cardiovascular event and the synthetic catecholamine, isoprenaline has been used for about a half a century for inducing AMI and subsequent heart failure in small laboratory animals [7] [8] [9] [10] . In our previous study, we found in a very small number of animals some correlations among various parameters in healthy and AMIinduced animals 10 . The study reported here was aimed at a more detailed analysis: 1) to confirm the association of the cardiovascular injury and its known biochemical markers; 2) to analyze the relationship of common biomarkers of oxidative stress and degree of cardiovascular dys/function. The animals were intentionally not stratified to mimic normal population with the presence or absence of cardiovascular disorders, as well as treated and untreated patients. Moreover, the use of animals in this study enabled analysis of myocardial elements, in particular calcium and this cannot be performed in humans.
METHODS

Animals and measurements
Our group recently analysed the effects of different drugs with iron chelating properties on the isoprenaline model of cardiac toxicity in rats. Most of the data have already been published as studies of the effects of iron chelating drugs on this model [10] [11] [12] [13] [14] . The present study was an analysis of the data from a total of 145 young male Wistar: Han rats (Biotest s.r.o. Konárovice, Czech Republic) from another viewpoint. All experiments conformed to "The Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were performed with the approval of the Ethics Committee of Charles University in Prague, Faculty of Pharmacy in Hradec Králové.
The experimental procedure was the same in all animals. Detailed methodology can be found in our publications (e.g. ref. 10, 12, 13) . In brief, all animals received i.v. various agents with iron chelating properties or solvent; 72 animals received 100 mg/kg isoprenaline (Sigma-Aldrich, USA) s.c. in a 5 min interval to induce myocardial impariment; 73 rats formed the controls. After 24 h, the anaesthesized animals (urethane 1.2 g/kg i.p., Sigma-Aldrich, USA) were connected to the instrument Cardiosys® (Experimentria Ltd, Hungary) with software Cardiosys 1.1. for the measurement of haemodynamic variables. At the end of the experiment, blood was withdrawn and the heart excised for analysis of antioxidants, enzymes and metal ions in the myocardium. Cardiac troponin T (cTnT), vitamin E, and vitamin C were measured in serum, thiobarbituric acid reactive substances (TBARS) in plasma, antioxidant enzymes SOD and GPx in erythrocytes and the total glutathione in the whole blood. Standard approaches were used for the analysis: SOD and GPx were determined by commercial kits (Randox, United Kingdom), cTnT by electroluminescence immunoassay (Roche Diagnostics, Germany), vitamin E by fluorimetric detection, the total blood glutathione and vitamin C by UV detection. Iron, copper, and selenium were determined using graphite furnace atomic absorption spectrometry. Zinc was determined using flame atomic absorption spectrometry and calcium was measured photometrically using flame photometry. sets with non-Gaussian distribution were analysed by the use of non-parametric Spearman's correlation test and those with Gaussian distribution with Pearson's test. The minimal level of the statistical significance was P ≤ 0.05. Data with the correlation coefficient higher than 0.45 were analyzed by linear or non-linear regression. All data analyses were performed by the use of GraphPad Prism 5.0 for Windows (GraphPad Software, San Diego, California, USA).
RESULTS
The correlations were performed for all parameters with the exception of the derived parameters (e.g. double product and blood pressure). Significant correlation coefficients are shown in Table 1 . The detailed relationship of the variables with correlation coefficients higher than 0.45 is depicted in Fig. 1-3 .
There was a high correlation between levels of cTnT and total peripheral resistance, wet ventricle weight, myocardial calcium content, heart rate but only a weak correlation of cTnT with diastolic blood pressure and the "double product". Except for calcium concentration, the relationship was linear in the semilogarithmic plot. A more complicated relationship of the type of a power function was found between myocardial calcium level and serum cTnT. A negative strong association was found for cTnT and stroke volume, again with a linear character in the semilogarithmic plot. A weaker negative association with total blood glutathione and serum vitamin C concentrations was disclosed. No significant association was found for vitamin E, TBARS, SOD and other myocardial elements with cTnT.
The relationships of heart rate, myocardial calcium levels and wet ventricle weight with these parameters were very similar to those of cTnT (Table 1, Fig. 2 vs. Fig. 1 ).
The total peripheral resistance was likewise positively associated with cTnT, myocardial calcium, wet ventricle weight and heart rate and negatively with the total blood glutathione. But in addition to these parameters, a positive moderate correlation was found with TBARS.
Stroke volume index correlated positively with the total blood glutathione and weakly negatively with TBARS, GPx and myocardial zinc concentration in addition to the stronger correlations mentioned (cTnT, Ca, wet ventricle weight, heart rate). The total blood glutathione correlations were mostly less expressed, but the mentioned negative correlation with total peripheral resistance supports the previous results.
For serum antioxidants (vitamin C and vitamin E), the correlations were rather opposite. Vitamin C correlated very negatively with wet ventricle weight and moderately with cTnT. Relatively high positive correlations of vitamin C were found with myocardial zinc level and activities of erythrocytes antioxidant enzymes SOD and GPx. Of interest is that the relationship of vitamin C with other parameters was of an exponential character (Fig. 3A) . In contrast, vitamin E did not correlate with cTnT, total "Double product" was calculated as a product of the systolic blood pressure and heart rate and the total peripheral resistance was calculated as the mean arterial blood pressure divided by cardiac output. Stroke volume, wet ventricles weight and the total peripheral resistance are expressed as indices (variables divided by the body weight).
Statistical analysis
Each data set was firstly checked by D'AgostinoPerson normality test for Gaussian distribution. Data Zn, myocardial zinc content; Fe, myocardial iron content; Se, myocardial selenium content; Ca, myocardial calcium content; SOD, erytrocyte superoxide dismutase; GPx, erythrocyte glutathione peroxidase; GSH, total blood glutathione. Vitamin E and vitamin C were measured in the serum, TBARS in the plasma Notes: n.s. -non-significant, * significant at P<0.05, ** P<0.01, ***
P<0.001
blood glutathione, wet ventricle weight, myocardial calcium content, stroke volume, heart rate or total peripheral resistance at all. However, its negative correlation with the erythrocyte enzymes SOD and GPx activities, and a positive one with TBARS, are of note. Analogously to vitamin E, TBARS did not correlate with other variables or only slightly. For GPx, in addition to the mentioned correlations, a relatively strong correlation was found with myocardial zinc concentration. Myocardial selenium and iron did not correlate with almost any of the variables. Interestingly, there was an intermediately strong correlation of myocardial copper level with diastolic and systolic blood pressures.
In the analysis of relationship among haemodynamic parameters, an interesting correlation was found between heart rate and diastolic blood pressure, but not with systolic blood pressure.
DISCUSSION
Biomarkers of the cardiovascular injury
cTnT and cTnI are the most commonly used biomarkers of cardiac injury at the moment. They are used successfully in the diagnosis of AMI with better sensitivity over previously used biomarkers. Various studies have described excellent negative correlations of cTnT concentration with the left ventricular contractility impairment or cardiomyocyte viability and positive one with myocardial infarction size 15, 16 . In our previous study, we established a correlation of the cTnT concentration with cardiac function parameters in a relatively small number of animals 10 . In the present study, the relation of the cTnT levels with the other haemodynamic variables was further confirmed, extended and mathematically evaluated. The dependence of cTnT concentration on most of measured parameters was of an exponential character, e.g. it could be transformed into a linear relationship in the semilogarithmic plot. Similarly, other authors reported the exponential relationship between cardiomyocyte viability and cTnT level 15 . A more complicated relationship (power function) was found between myocardial calcium content and cTnT level.
One prominent feature of the various cardiovascular diseases is the "calcium overload" 17, 18 . Like cTnT, calcium myocardial levels correlated in a similar manner with the parameters of cardiovascular function. Moreover, in accordance with cTnT, these dependences were again of an exponential type. Our results show the extent of calcium overload can be estimated from cTnT concentration, stroke volume index and heart rate. Interestingly, heart rate correlated positively not only with calcium overload and cTnT, but as well with the diastolic blood pressure and negatively with the stroke volume index. Thus, elevated heart rate suggests impaired cardiovascular function. This has been well documented in humans, where increased heart rate is an important predictor of mortality 19 . High blood pressure is another risk factor of cardiovascular diseases 20 and thus some degree of relation to other parameters was expected. The diastolic blood pressure correlated positively with cTnT concentration and wet ventricle weight, but the systolic blood pressure did not correlate with cardiovascular function parameters at all. A limited correlation for systolic blood pressure was with myocardial copper content. Copper may affect the cardiovascular function, e.g. elevated serum copper levels were found in patients with AMI in relation to the severity of the disease 21 . A serum zinc disturbance was shown in AMI (ref. 21, 22 ) and we found an association between myocardial zinc level and the mean blood pressure in our previous study 10 . However, this association was not confirmed in the present study. Generally, myocardial zinc concentration fluctuation was relatively low in this study -91% of data were in a narrow range (0.80-1.20 µmol/L). Studies on myocardial selenium levels in AMI are inconsistent [23] [24] [25] , but at least within 30 days after AMI, selenium concentration seems to be stable 25 and, indeed, only few very weak correlations were found in the present study. In contrast, iron homeostasis perturbance accompanies AMI, but the serum iron concentration did not correlate with the biochemical markers of cardiac injury in accordance with our study 26, 27 . The wet ventricle weight index reflects indirectly the pathological changes in the myocardium, which may include infiltration of leucocytes with inflammatory response and fibrosis, as well. In the present study, owing to the relatively shorter time after cardiovascular insult (i.e. 24 h after isoprenaline administration), the former was rather present 10 . But still, this factor correlated strongly with the cardiovascular injury.
Interrelationship among parameters of oxidative stress and the cardiovascular dys/function
A very recent review 6 of oxidative stress biomarkers and prediction of cardiovascular diseases showed equivocal results. The authors suggested that the currently used markers probably do not precisely reflect the oxidative stress status and/or the different methodological approaches used may be the cause of the variable conclusions. They found, e.g. that the relationship between oxidized LDL and the risk of cardiovascular events may be positive or negative in different sub-populations of patients. Other studies in patients suffering from AMI (with/ without reperfusion) or stable/unstable angina pectoris are inconsistent, as well 25, [28] [29] [30] [31] [32] [33] . The present study findings are in the harmony with this review. The prediction of cardiovascular dysfunction from the parameters of oxidative stress was of very limited significance, although between some antioxidants and the parameters of oxidative stress significant correlations were found. The only partial exception seems to be the level of total blood glutathione, which correlated weakly positively with stroke volume and negatively with heart rate and myocardial calcium content. The level of oxidized or reduced glutathione may correlate more strongly but this was not measured in this series of experiments and remains to be established in our further study. The complexity of the antioxidant system and an unknown relationship to the cardiovascular function could be demonstrated in the case of serum vitamin C concentration. Vitamin C levels correlated strongly neg-atively with the wet ventricle weight and less importantly with cTnT concentration. However no correlation was found with calcium levels, which, as mentioned above, shows strong correlations with both previously cited parameters. In addition, an obviously contradictory finding is the weak negative correlation of vitamin C with total blood glutathione. Interestingly, serum vitamin C concentrations, myocardial zinc levels and erythrocyte antioxidant enzymes SOD and GPx activities mutually correlated positively, but again, no or only very approximate relation to cardiovascular dys/function was detected. Associations of vitamin E levels are even more confounding. The published studies suggested the central role of vitamin E in the antioxidant system and the necessity to cooperate with other antioxidants, in particular with vitamin C. But in the contrast to vitamin C, vitamin E did not correlate in this study with any measured parameter of the cardiovascular dysfunction (with the exception of the weak negative correlation with blood pressure). TBARS has been used as an indicator of malondialdehyde, a stable product of lipid peroxidation, and therefore a marker of oxidative stress. However, malondialdehyde is the only one of several substances that react with thiobarbituric acid and malondialdehyde measured by HPLC did not correlate with TBARS (ref. 6, 30 ). Other studies found no correlation of TBARS with the biochemical parameters of cardiac injury or plasma iron, but positive correlation with C-reactive protein was found 27, 29, 32 . The highly significant positive correlation of vitamin E with TBARS ( Fig. 3C) is therefore of unknown meaning and in contrast another study showed in extreme exercisers, a more specific marker of lipid peroxidation F 2 -isoprostane correlated negatively with vitamin E level 34, 35 . There are two probable explanations for the failure of the markers of oxidative stress to predict the cardiovascular dys/function: 1) the currently used biomarkers do not accurately reflect oxidative stress; 2) the oxidative stress status does not correspond to the cardiovascular dys/function. The first reason seems not to be very likely because the cardiovascular diseases in general, as well as the used model of cardiotoxicity, are considered to be associated with oxidative stress 5, [36] [37] [38] and even if TBARS may be not an accurate indicator of oxidative stress, vitamins E and C or antioxidant enzymes should at least partly react on the oxidative stress status. Therefore, we are of that opinion, that even if oxidative stress is an accompanying factor of the cardiovascular derangement, the commonly used oxidative stress biomarkers cannot be used for the assessment of cardiovascular dysfunction.
